Signatures of continental collisions and magmatic activity in central Brazil as indicated by a magnetotelluric profile across distinct tectonic provinces  by Bologna, Maurício S. et al.
S
i
M
I
a
A
R
R
A
A
K
U
C
M
S
R
1
e
C
R
0
dPrecambrian Research 185 (2011) 55–64
Contents lists available at ScienceDirect
Precambrian Research
journa l homepage: www.e lsev ier .com/ locate /precamres
ignatures of continental collisions and magmatic activity in central Brazil as
ndicated by a magnetotelluric proﬁle across distinct tectonic provinces
aurício S. Bologna1, Antonio L. Padilha ∗, Ícaro Vitorello, Marcelo B. Pádua
nstituto Nacional de Pesquisas Espaciais – INPE, C.P. 515, 12201-970 São José dos Campos, Brazil
r t i c l e i n f o
rticle history:
eceived 22 June 2010
eceived in revised form 1 December 2010
ccepted 2 December 2010
vailable online 13 December 2010
eywords:
pper mantle
entral Brazil
agnetotellurics
eismic low velocity anomaly
efertilization
a b s t r a c t
Broadband and long-period magnetotelluric soundings were collected along a 560km E–W proﬁle in a
region of central Brazil subjected to Neoproterozoic collision tectonics and Archean to Cretaceous mag-
matic events. The proﬁle crosses the northeastern portion of Phanerozoic sediments and volcanics of the
Paraná basin, the southern extension of the Neoproterozoic metasedimentary rocks of the Brasília belt,
locally pervaded by Cretaceous alkaline magmas of the Alto Paranaíba igneous province (APIP), and Neo-
proterozoic sedimentary cover and exposed Archean basement of the southern São Francisco craton. 2D
conductivity structures derived by joint inversions of the TE and TM polarization modes and a separate
inversion of the tipper components show signatures of the past tectonomagmatic events that affected the
area. A gravity-deﬁned suture zone beneath the Paraná basin is detected in the models as a subvertical
conductor extending from crustal to upper mantle depths, which strengthen the interpretation of a Neo-
proterozoic collision of the São Francisco craton and a continental block beneath the sedimentary basin.
Deep underthrusting of organic graphite-bearing metasedimentary rocks composing a fossil suture zone
is proposed to explain such increase in electrical conductivity. A similar conductivity signature beneath
the sedimentary covered region of the São Francisco craton can be tentatively interpreted as another
similar cryptic suture zone. Other isolated high-conductivity anomalies at midcrustal depths below the
Paraná and APIP provinces are interpreted as fossil residues representing precipitated graphite and sul-
ﬁde derived frompercolating volatiles during the emplacement of Cretaceousmaﬁc-ultramaﬁc volcanics.
A very high conductivity wedge into the lower lithosphere is highlighted in the deep mantle beneath the
APIP volcanic complex, coincidentwith a zone of lowvelocity deﬁned by seismic tomography. Geochemi-
cal evidence indicates that the alkalinemagmatism stemmed fromametasomatized uppermantle at only
slightly raised temperatures. Thus, interconnected carbonatite melts of low melting point and graphite
in the lithospheric mantle are the most likely candidates to explain this high conductivity. The seismic
and conductivity anomalies are probably triggered by the same source mechanisms (incipient melting)
because they are plausibly related to the same magmatic process. Conductivity anomalies at crustal and
mantle depths in the southern segment of the São Francisco craton suggest that its lithosphere was
signiﬁcantly affected by the several tectonomagmatic episodes it has experienced throughout its geo-
logical history. Consequently, the enhanced conductivity in the lower crust can be genetically related
to upwelling volatile-rich intrusions whereas upper mantle high conductivity can be related to refer-
tilization by inﬁltrations of low-degree carbonatitic melts from deeper-sourced metasomatic processes.. IntroductionIn central Brazil, the surfacegeologypoints toa complex tectonic
volution, marked by Proterozoic continental collisions and Early
retaceous to Eocene mantle magmatism. Because of the continen-
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tal collisions, allochtonous terrains of all sizes are now comprised
into large collage areas which display the typical imprint of the
Neoproterozoic Brasiliano/Pan-African orogenic cycle (Brito-Neves
and Cordani, 1991). The magmatism includes the extensive Paraná
ﬂood basalt province and several alkaline maﬁc to ultramaﬁc
provinces surrounding the large Paleozoic Paraná basin (Ulbrich
Open access under the Elsevier OA license.and Gomes, 1981). Intruding the southern portion of the Neopro-
terozoic Brasília fold belt and bounded by the Paraná basin to the
southwest and the limits of the exposed São Francisco craton to the
northeast, the Cretaceous Alto Paranaíba igneous province (APIP)
is the most important of these alkaline provinces. APIP magmas are
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Fig. 1. Generalized geological map in central-southern Brazil (modiﬁed from Valeriano et al., 2008). Symbols refer to: 1, Phanerozoic cover; 2, Cretaceous alkaline volcanic
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docks and epiclastic sediments of the Mata da Corda group; 3, Cretaceous diatremes
raxá group and associated tholeiitic maﬁc rocks, ophiolitic melange complexes, b
nits (Canastra, Vazante and Ibiá groups); 7, granulitic nappe (Socorro-Guaxupé);
roup); 9, Archean/Paleoproterozoic granite-greenstone and gneiss-migmatite terr
omposedof intrusionsof kimberlites, lamproites, a largevolumeof
amafugites, and some carbonatite-bearing plutonic alkaline com-
lexes (Gibson et al., 1995).
A Bouguer gravity map from this area reveals linear anomalies,
robably related to sutures and juvenile material remnants from
eaﬂoor spreading later deformed during the Neoproterozoic colli-
ional events (PereiraandFuck,2005). Inparticular, a steepgradient
lower values in the Brasília fold belt and the São Francisco craton,
nd higher values in the Paraná basin) has been interpreted by sev-
ral authors (e.g. Lesquer et al., 1981; Mantovani and Brito Neves,
005) as a Neoproterozoic suture zone between a continental block
eneath the Paraná basin and the Brasília fold belt due to a conver-
ence of the São Francisco plate and the block buried beneath the
araná basin.
Upper-mantle P- and S-wave traveltime tomography in SE and
entral Brazil has shown that some regions of the alkaline mag-
atism are characterized by lower seismic velocity anomalies.
lthough low seismic velocities can be associated with a largely
ndifferentiable combination of temperature and chemical vari-
tions, raised temperatures in the upper mantle have been their
ost common explanation in the region (Schimmel et al., 2003;
ssumpc¸ão et al., 2004). Unfortunately, heat ﬂow data from cen-
ral Brazil are sparse and no reliable thermal model is available for
hat region (Vitorello et al., 1980; Hamza and Mun˜oz, 1996). Thus,
he presence of anomalously high temperatures at upper mantle
epths underneath the alkaline occurrences cannot be indepen-
ently conﬁrmed.In this paper we describe the results of a deep magnetotel-
uric (MT) study along a proﬁle that crosses the gravity gradient
nd one of the low velocity anomalies, positioned below the Araxá
lkaline–carbonatite complex in the southern part of the APIP. The
ata were acquired, analyzed and modeled using the most cur-berlitic afﬁnity; 4, Cretaceous alkaline–carbonatite complexes; 5, Neoproterozoic
ent slivers and syn-collisional leucogranites; 6, Neoproterozoic quartzite-phyllite
proterozoic autochthonous/para-autochthonous metasedimentary cover (Bambuí
rent equipment and techniques. As the MT method is particularly
sensitive to the detection of any connected conductive medium, it
canprovideuniquegeological information complementary toother
geophysical methods. The ﬁnal 2-D conductivity model provides a
vertical image that shows signiﬁcant lateral heterogeneity in the
present-day lithospheric structure. It yields relevant new informa-
tion on the current geophysical state of the crust and upper mantle
under the study area, from which inferences can be drawn on dif-
ferent tectonomagmatic processes from the past.
2. Geological setting
The South American platform is characterized by a central core
formedby several Archean toMesoproterozoic cratonic nuclei from
earlier supercontinents amalgamated during the Neoproterozoic
Brasiliano/Pan African orogeny in the ﬁnal assembly of West Gond-
wana (Almeida et al., 2000). The central core is bordered by active
orogens to the west and northwest, and a Mesozoic–Cenozoic pas-
sive continental margin to the northeast and east. In central Brazil,
the São Francisco craton, which was continuous with the African
Congo craton prior to the opening of the South Atlantic, presently
encompasses a substantial part of the southeastern Brazilian high-
lands. Brasiliano fold-and-thrust belts fringe all sides of the craton
with strong vergence towards its interior (Alkmim et al., 1993). A
schematic outline of the major geological provinces in this area is
shown in Fig. 1.The MT data used in this study in central Brazil were acquired
along an E–W proﬁle running from the Phanerozoic sediments and
volcanics of the Paraná basin to the west, across the Araxá synform
(a regional fold within the southern APIP with a carbonatite com-
plex at its southern border) over the Brasília fold belt in the center,
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Fig. 2. Outline of the main provinces in the study area and available geophysical information. MT sites are represented by open triangles for broadband-only soundings and
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osition of the gravity gradient (Lesquer et al., 1981) and the nearly circular short
he low velocity seismic anomaly (Schimmel et al., 2003). Different grey tones repr
edimentary cover; 3, Neoproterozoic rocks of the Brasília belt; 4, Cretaceous vo
imberlites. Inset at bottom shows induction arrows at long-period MT sites for a p
nd the Neoproterozoic/Phanerozoic cover and exposed Archean
omplex of the São Francisco craton to the east (Fig. 2).
The Paraná basin is a large Phanerozoic intracratonic feature in
outh America. Sediments were deposited on southwestern Gond-
ana terrain from Late Ordovician to Late Cretaceous, in response
o a geological stabilization after the Brasiliano orogeny. Its strati-
raphic succession outlines successive episodes of subsidence and
plift, with thickness up to 7000m in the central depocenter (Zalán
t al., 1990). During breakup of the Gondwana continent in the
arly Cretaceous, one of the most voluminous volcanic events in
he Earth’s history covered the basin with basaltic lava ﬂows, while
anydykes and sills also intruded the sedimentary sequence (Melﬁ
t al., 1988). Although the origin of the lava ﬂood was initially
elieved to be related to the Tristan da Cunha plume (e.g., White
nd Mackenzie, 1989), a more recent geochemical and geophysical
vidence (Ernesto et al., 2002) appears to discard the hypothesis
f a plume source for the generation of the lavas and restricts
he plume contribution to a source of heat only. A Proterozoic
cratonic” nucleus was inferred beneath the basin (Paranapanema
lock; Almeida et al., 2000), which is bounded by several mobile
elts.
The Brasília belt is part of the large Neoproterozoic Brasil-
ano/Pan African orogen that developed between the Amazonian,
ão Francisco and Paraná-Rio de La Plata cratons in central Brazil.
roterozoic metamorphic rock units constitute most of the belt,
omprising passive margin sequences of the São Francisco con-
inent, back-arc and fore-arc basin sequences, and a younger
ost-inversion platform sequence deposited in a foreland basin of
he São Francisco craton (Pimentel et al., 2001). In the southern seg-
ent of the belt, the Brasiliano deformation involved overthrust
heets (nappes), transported eastward at least 150km towards the
latform of the São Francisco craton, and subsequently stacked by
hrust faults over Neoproterozoic pelitic and carbonatic sequence
Fuck et al., 1994). In this area, the Brasília belt forms a complex
tructural pattern, locally characterized by foliations associated
ith the thrust sheets and long lineaments corresponding to sub-
ertical lateral ramps or wrench faults originated from differential
isplacement of the thrust wedges.
The Late-Cretaceous alkaline magmas of the APIP occupy a
W-elongated area between the São Francisco craton and the
ortheastern border of the Paraná basin (Gibson et al., 1995).
hey were emplaced dominantly into metasedimentary rocks of
he southern Brasília belt and formed dykes, pipes, plugs, dia-
remes, lava ﬂows, pyroclastic deposits, and carbonatite-bearing
lutonic complexes. The geological evolution of these carbonatite
omplexes was marked by multistage events of carbonatitic activ-, BB for Brasília belt and SFC for the São Francisco craton. Long dashed line is the
d contour between longitudes 46◦ and 47.5◦W indicates the surface projection of
: 1, Archean/Paleoproterozoic rocks of the São Francisco craton; 2, Neoproterozoic
rocks; 5, Phanerozoic cover; 6, Cretaceous carbonatite complexes; 7, Cretaceous
of 106 s.
ity and related metasomatism. They are usually composed of both
a silicate-rock sequence with dominant ultramaﬁcs and subordi-
nate syenites, and a carbonatitic sequence. Ultramaﬁc ﬁne-grained
dykes (phlogopite picrite and bebedourite) crosscut the coarse-
grained plutonic rocks (Ribeiro et al., 2005). Chemical patterns
displayed by some carbonatites and mica-rich rocks samples are
indicative of their formation from the sameparentalmagma,which
is thought to be derived by low-degree melting of a metasoma-
tized lithospheric mantle, mainly characterized by the presence of
LREE-enriched phases (Traversa et al., 2001). This implies that a key
cause of APIP alkaline magmatism is the combination of metaso-
matized lithosphere underlain by mantle at only slightly elevated
temperatures (Comin-Chiaramonti et al., 1997).
The São Francisco craton was the center of West Gondwana and
its margins were initially formed during the Archean during sev-
eral discrete events. Present geometry is linked intimately with
Paleoproterozoic and Neoproterozoic orogenies. After the former
orogeny that brought together the different Archean crustal seg-
ments of the craton, the latter, the Brasiliano orogeny, through
constructive and destructive lithospheric processes, reworked the
paleocontinent margins, shaping them into their present forms
(Almeida et al., 2000). The exact boundary of the craton at depth
is still a matter of dispute, with the earlier outline deﬁned through
stratigraphic associations and geochronological data (e.g., Almeida,
1977) being challenged by regional geological and geophysical
studies (e.g., Alkmim et al., 1993). The exposed basement in its
southern part consists of Archean granite–greenstone terrains, in
part reworked during the Paleoproterozoic orogeny, which also
generated juvenile gneiss–migmatite–granitoid complexes and
metavolcano-sedimentary successions (Teixeira et al., 2000). This
area is also characterized by tholeiitic dyke swarms and sill-type
intrusions from Late Mesoproterozoic to Mesozoic ages. Vast areas
of the craton are covered by pelitic and carbonatic rocks of the
Neoproterozoic Bambuí Group, representing a post-glacial epicon-
tinental marine environment.
3. Magnetotelluric data
MT data were recorded at 27 sites in the period range from
0.0008 to 1024 s by commercial remote-referenced broadband MT
systems. These data image the geoelectric structures from the near
surface to the deep crust. Time-domain electromagnetic (TDEM)
datawere also acquired at every site for static shift correction of the
apparent resistivity data, related to local distortions in the electric
ﬁeld arising from near-surface inhomogeneities (Sternberg et al.,
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Fig. 3. 2D-resistivity model for the western proﬁle derived from joint inversion of
Figs. 5 and 6 show the MT data, respectively, for western and
eastern proﬁles as contoured pseudosections for the phases and
apparent resistivities of both polarization modes. Visually the the-
oretical response of the ﬁnal models ﬁts most of the observations8 M.S. Bologna et al. / Precam
988; Meju, 1996). At 22 of these sites, other commercial remote-
eferenced long period MT systems were operated in the period
ange from 10 to 13,653 s, extending the depth range of investiga-
ion obtained by broadband systems to great depths into the upper
antle.
Modern techniques of robust data processing were applied
o estimate the MT tensor functions using the remote reference
echnique (Egbert, 1997). Reliable broadband MT responses were
erived at almost all stations, excepting for the vertical magnetic
eld with the broadband instruments. Thus, discussions about the
agnetic transfer functions are based on data gathered from the
ong period stations.
Fig. 2 displays rotated real induction arrows, at a period mainly
ffectedby lower crust anduppermantle structure. Along thewest-
rn sites, over the Paraná basin, the arrows become aligned in a
SW direction, pointing to an increase in conductivity towards
he center of the basin. Near null arrows at the center of the proﬁle,
ver the Brasília belt, suggest that the measurements were carried
ut just above a major 1D conducting feature, coincident with the
urface projection of the low velocity seismic anomaly. Two sites at
he western border of this conducting feature point perpendicular
o the proﬁle, indicative of 3D effects probably due to anisotropic
urrent ﬂow at this region. At the eastern end of the proﬁle, oppo-
itely directed arrows suggest currents ﬂowing in a 2D conducting
tructure at the contact between Proterozoic deformed rocks and
he Archean terranes of the São Francisco craton.
Decomposition analysis was used to recover the undistorted
egional impedance tensor (Groom and Bailey, 1989). The strike
zimuths derived for four bandwidths from single site decomposi-
ions were shown elsewhere (proﬁle IBI in Fig. 5 of Padilha et al.,
006).Over theParanábasin, there is evidenceofperiod-dependent
eoelectric strike variation, especially for the westernmost sites,
ut the overall strike is aligned in theNNWdirection (or ENE due to
he 90◦ ambiguity in magnetotelluric strike analyses). Upper man-
le structure in the Brasília belt appears to be nearly 1D, with little
hase difference between the two orthogonal directions at long
eriods. Similarly, dimensionality of the long-period data at the
ites over the craton is weak, but the easternmost sites present
trike angles mostly in the ESE (or NNE) direction at periods sam-
ling lower crust and upper mantle structure.
The proﬁle was divided into two overlapping segments over
he 1D Brasilia belt sites and a multi-site, multi-period analysis
McNeice and Jones, 2001)was applied to thedata in order toderive
common strike direction. Excluding the three long-period from
he westernmost sites over the Paraná basin and the ﬁve sites with
nly broadband data, tensor decomposition gives acceptable ﬁts to
he measured impedance data for a regional strike of N23◦W for
he westernmost sites and N18◦E for the easternmost sites over
he São Francisco craton, henceforth referred as western proﬁle
nd eastern proﬁle, respectively. These directions are consistent
ith the regional trend of exposed geological structures and with
rientation of induction arrows, roughly parallel to the proﬁle, and
onsequently perpendicular to the geologic strike for the sites not
ffectedby the large conducting featureandneitherby the localized
nisotropic structure.
. Two-dimensional inversion
The 2D REBOCC inversion code of Siripunvaraporn and Egbert
2000) was used to derive a model of the subsurface conductivity
hat reproduces the observed MT data. Due to the presence of a
ocalized midcrustal anisotropic layer near the center of the pro-
le, the procedure described by Heise and Pous (2001) was used
o recover the geoelectric structure. Also, we opted for joint inver-
ions of the two impedance polarizations (TE and TM modes) andTE- and TM-mode data. GG and LSV are the locations of the gravity gradient and the
low seismic velocity anomaly, respectively. Crustal thickness is based on seismic
data (Berrocal et al., 2004). Labeled features A–E are discussed in the text.
a separate inversion of the magnetic transfer functions because
there are no reliable vertical magnetic data in the 4 ﬁrst decades
(0.001–10 s) and theoretical studies have shown that arrows are
severely affected when anisotropic structures are present (Pek and
Verner, 1997).
The western proﬁle comprised 14 sites, including all long-
period except the 3 westernmost stations of the Paraná basin and
the 7 nearly 1D stations over the Brasília belt. The eastern proﬁle
comprised 12 sites, including all stations over the São Francisco
craton and the 7 stations over the Brasília belt. An error ﬂoor of
5% in the complex impedance was used to prevent the inversion
from being dominated by those data with unrealistically small
variances. The startingmodelswere either uniformhalf-spaces or a
layered half-space determined from 1D inversion of the geometric
mean of all sites.
The ﬁnal 2D-conductivity models are presented in Figs. 3 and 4
for thewestern andeasternproﬁles, respectively. They showagood
agreement in theoverlapping zoneof bothproﬁles. Theoverall RMS
misﬁts are 1.9 and 2.0, respectively for the western and eastern
proﬁles, which indicate a good ﬁt between observations and model
predictions. Some misﬁts are observed in a few noisy sites and in
the TE mode apparent resistivity data at long periods.Fig. 4. The same as in Fig. 3 for the eastern proﬁle. Additional features labeled F and
G are discussed in the text.
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cig. 5. Comparison of ﬁeld and model apparent resistivity and phase data for the m
he modeled data. The top two pseudosections are the apparent resistivity response
ell, with larger misﬁts being observed in the western proﬁle at
he long periods of the TE apparent resistivities.
The regions marked by the letters from A to G in Figs. 3 and 4
resent the major electrical features of the models. They are: (A)
subvertical conductor extending from crustal to upper mantle
epths (total conductance up to 1000S) beneath the Paraná basin,
oincident with the location of the gravimetric gradient, shown as
G (see Fig. 2), that has been interpreted as a signature of a suture
one (Lesquer et al., 1981); (B1–B4) a horizontal sequence of sec-
ioned alternating conductors and nonconductors at crustal depths
lso beneath the Paraná basin and extending up to its border with
he Brasília belt; (C1–C3) some isolated horizontal crustal conduc-
ors mostly concentrated beneath the Brasília belt in the region of
heAraxácomplex; (D)a largeconductorat lowercrust-upperman-
le depths, located under the Neoproterozoic sedimentary cover of
he São Francisco craton; (E) a huge upper mantle highly conduc-
ive zone, coincident with the position of the seismic low-velocity
nomaly (LSV) under the Araxá complex; (F) a lower crust conduc-
or beneath the Archean rocks of the São Francisco craton, probably
inked to (G) another deep upper mantle conductor under the cra-
on.
Because the usual 2D inversion of data affected by anisotropy
ecover the anisotropy as a sequence of alternating resistive and
onductive dyke-like media, features B1–B4 can be replaced by anhown in Fig. 3. The left column gives the ﬁeld data, whereas the right column gives
ereas the bottom two are the phases.
anisotropic mid- to low-crust structure. Using the formulae of Eisel
and Haak (1999), an intrinsic anisotropy ratio of 12 was estimated
fromthe averagewidth and resistivities observed in themodel. This
ratio is in close agreement with that of a crustal anisotropic layer
detected by another MT proﬁle, positioned about 100km north of
the limits of the seismic anomaly and crossing the cluster of dia-
tremes in the central part of the APIP (Bologna et al., 2005). Also,
the behavior of the induction arrows at the two sites to the west
of the deep conducting structure can be explained by the presence
of crustal anisotropy. As shown by Pek and Verner (1997), a large
lateral contrast in conductivity overlain by an anisotropic layer
deﬂects the arrows, which point towards the direction of preferred
conductivity within the anisotropic layer instead of perpendicular
to the predominant induced currents.
Separate tipper inversion using only the long period data was
performed to get additional informationon lithospheric conductive
structures. It helps to locate the horizontal position of the most
prominent conductors, but does not determine their depths. The
threewesternmost sites over the Paraná basin and the easternmost
site over the São Francisco cratonwere excluded from the inversion
of the tipper data that used the remaining 18 long-period MT sites.
Based on data quality, the period band was limited to the interval
of 20–800 s and an error ﬂoor of 0.025 was assumed for the real
and imaginary tipper components. The REBOCC program was used
60 M.S. Bologna et al. / Precambrian Research 185 (2011) 55–64
ulated
i
h
r
s
a
T
F
pFig. 6. Comparison of observed and calc
n the inversion procedure and the initial model was a 100m
alf-space.
The ﬁnal RMS misﬁt of the tipper inversion was 2.1 and the
esistivity model is shown in Fig. 7. The pseudosections in Fig. 8
how that the ﬁnal model response reproduces the observed data
dequately, with larger misﬁts in the imaginary tipper component.
hey are concentrated at short periods in the anisotropic region
ig. 7. Resistivity depth section from 2D-inversion of tipper data along the entire
roﬁle.pseudosections for the model of Fig. 4.
beneath theParanábasinandat thewholeperiodband in theborder
between the Brasília belt and the São Francisco craton.
Due to the overall high resistivity of crustal rocks in the region,
the signal penetration depth exceeds several tens of kilometers at
the shortestperiodavailable for the tipper responses.Hence, crustal
structure is not resolved in the resistivity-depth distributionmodel
of Fig. 7. Also, by deﬁning the structural boundaries of regions of
enhanced conductivity, the tipper data aremore suited tomap geo-
logical structures marked by large lateral conductivity contrasts.
Both aspects are reﬂected in the model of Fig. 7 where only the
largest conductivity anomaly (feature E) and the two main vertical
structures (features A and D) are resolved.
5. Discussion
All the conductivity features highlighted by the ﬁnal 2D models
appear to be robust and independent of the initial model.
5.1. Feature A – a Neoproterozoic suture related to continental
collision
Feature A is spatially associated with the gravity-deﬁned suture
zone beneath the Paraná basin. Itmust be noted that amagnetome-
ter array study carried out over the same region of the Brazilian
M.S. Bologna et al. / Precambrian Research 185 (2011) 55–64 61
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hield showed negligible vertical response at periods sampling
rustal and upper mantle depths (Padilha et al., 2006), that would
uggest the presence of a deep conductor underneath, but spacing
etween the stations (around 100km)would restrain the detection
f such a localized conductor.
Regarding the source of the anomaly, several studies have
hown that a subvertical increase of electrical conductivity is com-
only observed in fossil suture zones (e.g., Korja and Hjelt, 1993;
ones et al., 2005; Selway et al., 2009). Wherever it is possible to
ollow them to the surface, these conductors appear to be caused
y deep underthrusting of organic graphite-bearing metasedimen-
ary rocks down the suture zones. The formation of graphite from
rganic carbon would require high temperatures unless strain
nergy derived from the transpressive regime is present. In this
ase, graphitization can occur at greenschist facies pressure and
emperature conditions normally found at typical mid-crustal
epths (Nover et al., 2005).
Following this interpretation, feature A could be related to
iogenic carbon, in the form of graphite, derived from a former
rganic-rich basin deeply underthrust during Neoproterozoic con-
ergent tectonic processes that involved the São Francisco plate
nd a cratonic nucleous beneath the Paraná basin. Geological evi-
ence for these basins underlining the São Francisco plate border
onsists of the continental sedimentary deposits and acid volcanics
ated at ca. 1750Ma in the surrounding fold belts and in the fore-
and (Alkmim et al., 1993). These are associated with records of
eoproterozoic ensialic rifts,which later evolved into ocean basins.
.2. Features B and C – residual remains of Cretaceous magmatic
ctivity at midcrustal depths
Absence of any obvious crustal sedimentary sources in the cen-
ral part of the proﬁle eliminates the hypothesis of a biogenic
omponent to explain the B and C anomalies. Features B1–B4
re correlated to the midcrustal anisotropic layer detected by an
T proﬁle across the central part of the APIP (Bologna et al.,
005). A complex tectonic evolutionary model was proposed for
hat region, with Proterozoic transpressional deformations along
bliquely convergent blocks reactivated during distinct magmatic
pisodes. The source of the conduction would probably come
rom interconnected grain-boundary graphite, sulﬁdes and hyper-
aline ﬂuids, exsolved and precipitated from upwelling Cretaceous
agma.
Similarly, features C1–C3 are related to the Araxá magmatic
ctivity and can be ascribed to residual remains of magma
ifferentiation at midcrustal depths or to unexposed intrusivedata and the right column the modeled data, with Im(T) and Re(T) indicating the
carbonatite-bearing complexes, also detected in aeromagnetic data
(Bosum, 1973). The enhanced conductivity can be explained by
electronic conduction through interconnected graphite in carbon-
rich rocks precipitated from magmatic ﬂuids moving along fault
zones, and associated mineralization (see Nover, 2005).
5.3. Feature D – a cryptic suture or residual remains from
Cretaceous magmatic activity beneath the Neoproterozoic
sedimentary cover of the São Francisco craton
Feature D is positionedwithin the cratonic domain and presents
a resistivity two orders of magnitude less than that of the resistive
crust in this region. Except for the particular cases of exotic carbon-
and sulﬁde-rich lithologies, high conductivity at crustal depths is
frequently attributed to proportionally minute amounts of high
conductors in interconnected grain-boundary arrangements. The
commonly mentioned conductors are saline ﬂuids, graphite and
metallic oxides (Jones, 1992). Fluids are an unlikely source for the
feature here because it is not probable for ﬂuids to remain trapped
at middle-lower-crust depths of a stable area for long periods of
time. Metallic oxides can also be discarded because they normally
occur in discrete ore bodies and there is no evidence of large-scale
mineral resources in aeromagnetic data from this part of the craton.
Conductivity increase at great depths below long-stable geo-
logical terrains can be explained by the presence of a solid-phase
conductor, principally graphite. As previously discussed in relation
to feature A, graphitic horizons have been interpreted as tectonic
markers possibly related to old orogenies. These ancient tectonic
processes often leave components that are good electrical con-
ductors as traces of deep deformations of different crustal units,
revealing thus the location of palaeosuture zones or even more
speciﬁc tectonic assemblages (Boerner et al., 1996).
Feature D could thus be an expression of an older suture which
has somehow been preserved within the São Francisco cratonic
rocks. Alternatively, the feature could be related to a major accre-
tionary event to the southwestern margin of the Archean craton.
It has been proposed that the present day surface limit of the São
Francisco craton is only the stable foreland block of a larger Pale-
oproterozoic plate, which included the entire foreland domain of
the Brasilia belt (Sanfranciscana continental plate – Alkmim et al.,
1993; Pereira and Fuck, 2005). A seismic high-velocity anomaly
west of the surface limit of the São Francisco craton supports this
hypothesis (Assumpc¸ão et al., 2004). Also, the geographic posi-
tion and the strike of this proposed suture are in close agreement
with another local gravity gradient which would be the geophysi-
cal divider that separates the São Francisco craton from the Brasília
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elt domains. The enhanced conductivity implies the presence of
raphitic or sulﬁde-rich sedimentary rocks, probably formed in
restricted oceanic environment, that have undergone complex
eformation and underthrusting in the deep crust. On the other
and, it must be observed that suture zones resulting from the
ccretion of terrains after subduction of an intervening ocean usu-
lly also produce a series of ophiolites and volcanism,which are not
nown to occur in this area. Subsequent weathering and metamor-
hism would explain the absence of such characteristics in some
utures. Nonetheless, additional studies are necessary in the area
o detect other geological and geophysical features typical of these
ones.
Another possibility for the source of this geoelectric signature is
hat the widespread Cretaceous magmatic activity responsible for
he B andC crustal anomalies beneath Paraná basin andBrasília belt
an also be responsible for this lower crust/upper mantle anomaly
ithin the São Francisco cratonic domain. In this case, instead of
orizontal sill-like material the magmatic feature would appear in
he form of a large, subvertical, dyke-like intrusion.
.4. Feature E – signature of Cretaceous magmatic activity at
pper mantle depths
The enhanced conductor E at the topmost uppermantle beneath
he Araxá carbonatite complex represents one of the rare cases
f extraordinary conductivity anomaly in the upper mantle that
annot be associated with a thinned lithosphere. The anomaly
eaches a conductivity value close to 0.1 S/m at about 100kmdepth
here it is at least three orders ofmagnitudemore conductive than
he adjacent lithosphere underlying the NW Paraná basin. Other
nown examples of enhanced conductivity in cratonic lithosphere
nclude the central Slave craton and the western part of the Supe-
ior Province, both in Canada (Jones and Craven, 2004), SouthAfrica
Jones et al., 2009) and northern Australia (Selway et al., 2009).
Inour study region, the spatially coincident seismic low-velocity
nomaly has been interpreted as due to higher temperatures
eneath the alkaline provinces (contrast of almost 150 ◦C, accord-
ng to Assumpc¸ão et al., 2004), associated with a remnant effect
f Cretaceous hot mantle upwellings. However, it must be consid-
red that most of such temperature pulse would have subsided
hrough heat dissipation since the Cretaceous events and any pos-
ible residual temperature anomaly that could have persisted since
he passage over a hotspot would now occupy a broader bulge
t asthenospheric depths (see Gallagher and Brown, 1997; Eaton
nd Frederiksen, 2007). Thus, large temperature differences are
ot expected to have persisted from the Cretaceous up to the
resent-day at shallow upper mantle depths in such a tectoni-
ally inactive area. Furthermore, a temperature gain of about 150 ◦C
ould explain a conductivity increase of only one order of mag-
itude, at the most, of the observed anomaly for mantle rocks.
onsequently, high temperature is not expected to be the source of
he upper mantle conductivity anomaly.
Alternatively, the small seismic velocity anomaly (less than
%, following Schimmel et al., 2003) and the large conductivity
nomaly could be caused by chemical variations, including volatile
ndmelt content. Thus, proposed effects of dissolvedwater on elec-
rical conductivity and seismological characteristics should also be
onsidered (Karato, 2006). For instance, the conductivity of anhy-
rous mantle minerals would be raised by one order of magnitude
onsidering undersaturated hydrous minerals with 0.1wt.% H2O,
ccording to Yoshino et al. (2009). On the other hand, the car-
onatite complexes of Brazil are rich in hydrous mantle minerals
such as phlogopite) that can be stable under upper mantle condi-
ionswithin the depth range of the observed seismic anomaly (Sato
t al., 1997)andcan lower the seismicvelocities signiﬁcantly (Glahn
t al., 1992). Phlogopite, ormoreproperly tetra-ferriphlogopite, hasesearch 185 (2011) 55–64
also been suggested to enhance mantle conductivity in at least
one order of magnitude at about 150km (Boerner et al., 1999).
This possibility must be regarded with caution because the con-
ductivity of such rocks has not been measured at appropriate
conditions in laboratory (Ledo et al., 2004) and it is questioned
whether these minerals can compose broad interconnected net-
work at lithosphericmantle. Also, contrary to the hydrousminerals
conductivity hypothesis, an occurring volcanic activity would per-
sist until the low-melting point metasomatized layer is depleted,
consuming most of the hydrous minerals. Moreover, regional MT
responses at long periods indicate that the conductive structure
in central-southeastern Brazil is only weakly anisotropic at upper
mantle depths (anisotropy factor around 3; Padilha et al., 2006),
a typical result of a dry lithospheric mantle (e.g., Du Frane et al.,
2005).
Based on similarities between isotopic signatures it has been
proposed that the Late Cretaceous alkaline magmatism around
the Paraná basin was developed from the cooler margins of the
same anomalous thermal regime responsible for the Paraná basin
tholeiites (Comin-Chiaramonti et al., 1997). These authors sug-
gested that a hydrous mantle source at normal mantle potential
temperature (1280 ◦C)wouldbe responsible forproducing thealka-
line melt from relatively low degrees of melting of lithospheric
mantle rocks. For the deep areas surrounding the anomaly, that
show much smaller conductivities, laboratory based conductiv-
ity of anhydrous mantle minerals, at the above temperature level,
gives conductivities of about 0.01 S/m (Yoshino et al., 2009), which
are compatible with the values found at depths of 150km out-
side the anomaly. Such temperature–depth relationship suggests
the occurrence of a regional geotherm under steady state ther-
mal conduction much less than 50mW/m2. Such geotherm would
still allow incipientmelting of carbonatedperidotites belowdepths
of 110km (Dasgupta and Hirschmann, 2006). Therefore, previous
metasomaticprocesses in the southernSãoFranciscocratonic litho-
spheric mantle are likely responsible in fostering the conditions
for low-degree carbonatite melting which would produce small
amounts of interconnected melts with variable CO2 and Fe con-
tent. There is petrologic evidence for traces of carbonatite melts
in Cretaceous maﬁc dikes occurring to the northeast of the study
area (Rosset et al., 2007). The effects of carbonatitemelts on electri-
cal conductivity are well discussed in the literature (Gaillard et al.,
2008). Velocity perturbations due to a low amount of carbonate
melt or iron content increase are within the RMS misﬁt of the
velocity models derived for this area (Feng et al., 2007).
Widespread carbonatite-bearing intrusions in the APIP indicate
that carbon is the most likely candidate to explain the enhanced
conductivity in the upper mantle, above the depth of graphite-
diamond stability ﬁeld. For geotherms of 50–40mW/m2 that are
expected for the study area, graphite would occur only above
100–150km. The Araxá complex was the most affected by carbon-
atitic activity, whichwas recurrent until the last evolution stages of
the magmatic events (Ribeiro et al., 2005). Interconnected graphite
on grain boundaries form is known to reduce the electrical resistiv-
ity in the topmost upper mantle to the levels detected in the study
area (see, Jones, 1999).
5.5. Features F and G – signatures of Archean to Cretaceous
magmatic activity in the São Francisco cratonic lithosphere
High conductivity layers at the base of the crust and in a deeper
region of the upper mantle beneath the southeastern portion of
the São Francisco craton were already reported in a recent study by
Pintoet al. (2010). They integrated the resultsof twoother radialMT
proﬁles across the exposed Archean rocks of the craton with avail-
able data of Bouguer gravity and geoid anomalies that occur in the
eastern portion of the study area. A high density/conductivity layer
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t the base of the crust was interpreted, respectively, as evidence
f underplating associated with Mesoarchean and Proterozoic
pisodes of tholeiitic dike intrusion, causing crustal deformations
hat might have facilitated later inﬁltration of carbon- and metal-
ich volatiles. The intrusive basaltic magmas were assumed to be
enser, as requiredby thegravity signal,with anadditional conduc-
ive solid phase (graphite, sulﬁde) to generate thehigh conductivity
n the lower crust. In the southern São Francisco cratonic upper
antle, metasomatic processes would foster the conditions for a
ow-degree carbonatite melting because of its relatively low tem-
erature melting point. Forward geoid modeling, using the scope
f the low electrical resistivity region within the mantle as a con-
traint, entails a density increase (40–50kg/m3) possibly due to Fe
nrichment of mantle minerals related to refertilization.
. Summary and conclusions
An MT survey across an old continental lithosphere in central
razil reveals a richness of conductivity anomalies on different
cales. The region has experienced a broad range of tectomagmatic
vents including periods of compressional deformation and mag-
atic activity, which have contributed to the total expression of
he electrical signatures. A collisional plate boundary beneath the
araná basin inferred by gravity data appears as a major subver-
ical linear conductor in the MT model. In this case, MT proves to
e an efﬁcient technique in imaging old sutures where metasedi-
entary rocks containing interconnected conducting phases, like
raphite, produce a high-conductivity contrast and make it possi-
le to image the present geometry of the structures. The capability
f the method to ﬁnd markers related to continent-continent colli-
ions is still more crucial in the southern part of the São Francisco
raton, characterized by limited outcrops, deep weathering, thick
egolith and sedimentary cover and lack of systematic mapping.
hepossibility of thepresenceof a suture zonebeneath theNeopro-
erozoic sedimentary cover of the craton opens new questions to
he debate on theWest Gondwana continental accretion processes.
Several nearly horizontal high-conductivity crustal anomalies
re imaged below the Paraná basin and APIP domains. They are
entatively associated with ﬂuid-deposited graphite and sulﬁde
elated to the emplacement of Cretaceous maﬁc-ultramaﬁc vol-
anics. A well-resolved high conductivity anomaly at upper mantle
epths is spatially correlated with a zone of low seismic velocity
nd the surface expression of the Araxá alkaline–carbonatite com-
lex within the southern APIP province. Geochemical studies show
hat the APIP alkaline magmatism was a result of small degrees
f melting of a metasomatically enriched source at upper mantle
epths. Therefore, the spatially coincidental seismic and conductiv-
ty anomalies are probably related to the same magmatic source of
he Araxá complex. The high conductivity is likely related to ﬂuid-
eposited interconnected carbon and incipient carbonatite melts
espectively at the topmost and lowermost upper mantle, which
lso explains the low seismic velocity zone. The MT soundings over
he southern segment of the São Francisco cratonprovide aphysical
mage of a cratonic lithosphere affected by a complex tectonomag-
atic evolution involving continental collisions and rejuvenation
f cratonic lithosphere.
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